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ABSTRACT
Metabolic networks are a subject that has received
much attention, but existing web resources do not
include extensive phylogenetic information. Phylo-
genomic approaches (phylogenetics on a genomic
scale) have been shown to be effective in the study
of evolution and processes like horizontal gene
transfer (HGT). To address the lack of phylogenomic
information relating to eukaryotic metabolism,
metaTIGER (www.bioinformatics.leeds.ac.uk/meta
tiger) has been created, using genomic informa-
tion from 121 eukaryotes and 404 prokaryotes and
sensitive sequence search techniques to predict
the presence of metabolic enzymes. These enzyme
sequences were used to create a comprehensive
database of 2257 maximum-likelihood phylogenetic
trees, some containing over 500 organisms. The
trees can be viewed using iTOL, an advanced inter-
active tree viewer, enabling straightforward inter-
pretation of large trees. Complex high-throughput
tree analysis is also available through user-defined
queries, allowing the rapid identification of trees
of interest, e.g. containing putative HGT events.
metaTIGER also provides novel and easy-to-use
facilities for viewing and comparing the metabolic
networks in different organisms via highlighted
pathway images and tables. metaTIGER is demon-
strated through evolutionary analysis of Plasmo-
dium, including identification of genes horizontally
transferred from chlamydia.
INTRODUCTION
The volume and diversity of eukaryotic sequence data
have grown exponentially over the past decade, and
recent advances in sequencing will ensure that this trend
increases. With this data comes increased potential for
comparative genomics of the eukaryotes, and studies of
eukaryotic evolution. The metabolic network is the sim-
plest biomolecular system to predict from sequence data,
because many core processes have ancient origins and
are conserved across all kingdoms of life. Thus, reliable
identiﬁcation of orthologues is easier for core metabolic
enzymes than for genes involved in less conserved pro-
cesses, making them attractive components for phyloge-
netic studies. Equally, metabolic processes remain key
drug targets, particularly for eukaryotic parasites like
Plasmodium falciparum, so that study of pathogen meta-
bolic networks and the comparison of these with their
eukaryotic hosts is an important aspect of drug target
discovery. Evolutionary information is important in this
process because it can indicate distance from host enzymes
and the likelihood of inhibitor cross reactivity.
There are a variety of web resources enabling the study
of metabolic networks. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) (1) oﬀers a set of reference path-
ways which have been automatically annotated for 120
eukaryotes and 592 prokaryotes, (based on KEGG 44.0).
Comparing the metabolic proﬁles of organisms in KEGG
is a manual process. BioCyc (2) pathway/genome data-
bases are made up of three tiers of annotational accuracy
(based on BioCyc 11.5), and cover a total of 360 organisms
with only Escherichia coli in tier 1 (detailed manual anno-
tation), another 20 organisms in tier 2 (manually checked
automatic annotation) and the remainder in tier 3 (auto-
matic annotation). BioCyc provides facilities for com-
paring the metabolic networks of organisms, but no
phylogenetic information is provided. PUMA2 (3) con-
tains chromosomal sequence from 369 prokaryotes and
33 eukaryotes which can be compared in terms of their
metabolic networks. The evolution of diﬀerent protein
families can be examined, although to a limited extent
as the trees are produced interactively, limiting the
number of sequences that can be included. Reactome (4)
is an expert-annotated predominately human database
which also contains some other highly annotated organ-
isms. It oﬀers facilities for comparing organisms, but
these do not focus on evolution, and comparisons are
limited to the 23 organisms covered (based on release 22.0).
None of the above-mentioned databases bring together
a broad spectrum of eukaryotic organisms with the facil-
ities to look at the evolution of their metabolic networks
on a large scale. Comparison of the enzymes present in
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ways over evolution to be observed. The construction
of phylogenetic trees on a genome scale is termed ‘phylo-
genomics’ and allows the evolution of individual genes,
as well as, whole genomes to be considered. In particular,
it allows the extent to which horizontal gene transfer
(HGT) has occurred in eukaryotes to be investigated.
HGT has for sometime been recognized as an impor-
tant inﬂuence on the evolution of prokaryotes (5). It is
now being realized that HGT also takes place in eukary-
otes, particularly involving the gain of genes from
bacteria.
In this paper we present metaTIGER, a metabolic
resource that focuses upon aspects of metabolism that
are not addressed elsewhere. In particular, in-depth evolu-
tionary information about enzymes is provided in the
form of 2257 maximum-likelihood phylogenetic trees,
some of which contain over 500 organisms and more
than 100 eukaryotes. The trees can be viewed interactively
with iTOL (6) which produces intelligible displays of even
the largest trees. Complex high-throughput analysis of the
trees can be carried out with PhyloGenie’s PHAT pro-
gram (7), allowing users to deﬁne their own tree queries,
which are then submitted to a Beowulf cluster for proces-
sing. Additionally, metaTIGER oﬀers facilities that permit
comparisons between eukaryotic metabolic networks
in a variety of formats. The metabolic enzymes within
metaTIGER are predicted using SHARKhunt (8), which
operates with raw nucleic acid sequence data, including
unannotated/unassembled sequence, meaning that meta-
TIGER can oﬀer information on organisms that are
not annotated by other facilities. As SHARKhunt’s pre-
dictions are based upon sensitive sequence proﬁle com-
parison techniques, enzyme assertions are likely to be
more speciﬁc, and highly divergent homologues are more
likely to be found than would be the case for simpler
BLAST-based methods.
DATABASE CONSTRUCTION
Metabolic profiles
The sequence database behind metaTIGER metabolic
proﬁle and phylogenetic trees was constructed using
SHARKhunt (8). The genomic sequence of the organ-
isms which are covered in metaTIGER was downloaded
from a number of resources (9–17) (see SI 1 for complete
details), and includes information on a wide variety of
eukaryotes with poor metabolic characterization and
levels of genome annotation. In particular, eukaryotic
taxonomic coverage was broadened by using expressed
sequence tag data from the TBestDB (18). SHARKhunt
scans the sequences with PSI-BLAST (19) and hidden
Markov models, looking for the presence of enzyme
sequence proﬁles that were obtained from PRIAM (20).
SHARKhunt was updated to use the latest version of
PRIAM which contains 2908 proﬁles for 2192 diﬀerent
E.C. (Enzyme Commission) numbers. Each proﬁle hit is
assigned an E-value. The results are then stored in the
metaTIGER database.
Phylogenetic trees
Owing to the diverse taxonomic range of organisms
sampled in metaTIGER, phylogenetic trees with a broad
taxonomic sample could be produced. This broad taxo-
nomic range increases the potential for new insight to be
gained from exploration of the tree data. For each of
the enzyme proﬁles a phylogenetic tree is produced from
the amino acid sequences of the hits. It is advantageous
to use proﬁle-hit sequences rather than whole genes, as a
hit is made of the conserved region of a protein and thus
the proportion of the alignment that is made up of uncon-
served regions is reduced. The exclusion of non-conserved
regions from alignments is important if an accurate phy-
logenetic tree is to be produced (21). To ensure that the
trees are produced are of high quality, only sequences
with proﬁle match E-values <10
–30 were included in the
trees. If the more than one sequence for a particular
enzyme proﬁle was beneath this cut-oﬀ then only the
sequence with the lowest E-value was used in the tree
reconstruction, reducing the chances of including paral-
ogues. The sequences were aligned using MUSCLE (22)
on default settings. Then the trees were produced using
PhyML (23) using the evolutionary model JTT, the
gamma-distribution model, four rate categories and
invariant position. The JTT model was chosen as this
has been found, most frequently, to be the best-ﬁtting
model during other phylogenomic reconstructions (24).
The gamma parameter and the fraction of invariant
positions were estimated from the data. The trees were
optimized for topology, branch length and rate param-
eters. Each tree was subjected to 100 bootstrap replicates.
To increase the speed for the larger trees an MPI version
of PhyML was used (25); 12 of these larger trees had to
have the number of sequences present reduced (see SI 2 for
details) owing to memory issues when using the MPI ver-
sion of PhyML. This pipeline resulted in the production of
2257 maximum-likelihood phylogenetic trees.
The user of the resource should note that each phylo-
genetic tree contains orthologous sequences for a speciﬁc
E.C. number, and is, as far as possible, free of paralogues.
They are not intended for the study of gene families con-
taining paralogues with a variety of diﬀerent functions.
Rather, the trees allow the study of the evolutionary
origin of speciﬁc metabolic functions and pathways in
particular species or species groups. They are suitable
for the detection of functional gain by HGT (as illustrated
below), and for assessing the degree of evolutionary diver-
gence between orthologous enzymes in diﬀerent species.
This latter application is indicated in drug target discov-
ery, where good drug targets in a pathogen should be as
divergent as possible from the host orthologue to ensure
speciﬁcity. The exclusion of paralogues means that some
of the trees are suitable for the estimation of species phy-
logenies, but this should be approached with care, because
not all enzyme sequences contain suﬃcient phylogenetic
signal to resolve species, particularly at deep branches.
In these cases the tree should be viewed as interest-
ing starting points for detailed manual study and veriﬁ-
cation. Another potential application of the trees, when
used with the search procedures below, is to identify
D532 Nucleic Acids Research, 2009, Vol. 37, Databaseissuesets of possible sequences to use in constructing species
phylogenies by gene concatenation or consensus methods
(26) where the avoidance of HGTs is of paramount
importance.
DATABASE INTERFACE
Exploring metabolic networks
The metabolic networks in metaTIGER can be explored in
four ways: (i) by using a simple search facility, (ii) by view-
ing KEGG map images [produced using the KEGG SOAP
API (1)] that highlight the enzymes that are present in each
organism, (iii) the enzymes present in a particular pathway
can be compared between two organisms via a coloured
KEGG pathway image and (iv) two or more organisms
can be compared in a table format. A detailed description
of metaTIGER search facilities along with other meta-
TIGER facilities can be found at: http://www.bioinfor
matics.leeds.ac.uk/metatiger/help.html. Additionally, all
of the SHARKhunt metabolic proﬁles predictions can be
downloaded from the site.
Viewing and searching phylogenetictrees
The phylogenetic trees can be viewed interactively using
the web-based viewer iTOL (6). The use of an interactive
tree viewer is necessary as some of the trees contain over
500 taxa and would not be clearly displayed through
less sophisticated tree viewers. iTOL colours taxa labels
according to kingdoms which means that events such as
prokaryote to eukaryote HGTs can be easily identiﬁed
on the large trees. As the trees are large and arbitrarily
rooted the user can redeﬁne the root and collapse branches
to suit their needs. Images can be exported to ﬁles in a
range of formats. An example tree for 4-hydroxy-3-
methylbut-2-enyl diphosphate reductase is shown in
Figure 2; this enzyme was identiﬁed below as a putative
case of HGT into Plasmodium (see below).
It is not feasible to search manually each of the 2257
phylogenetic trees in metaTIGER for trees of interest
such as those containing putative HGT events or those
that would be suitable for concatenation to obtain a
consensus tree depicting the evolution of species. To over-
come these problems metaTIGER has a high-throughput
tree searching facility, which allows users to submit their
own custom tree queries. The tree queries make use of
the phylogenetic analysis tool PHAT, which is part of
the PhyloGenie package (7). PHAT has its own tree
query language and employs a sophisticated re-rooting
technique to ensure that clades being tested do not cross
the root of the tree, which is important when assert-
ing potential HGTs. As well as a tree query the user
provides a minimum bootstrap value, and branches with
bootstrap support below this are ignored during the
analysis. The queries can be computationally demand-
ing and are sent to a 440 core (Opteron/Linux) Beowulf
cluster; the results are sent by e-mail to a user-speciﬁed
address.
ILLUSTRATIVE ANALYSES
Organism profilescomparison
Unlike other Apicomplexans, including P. falciparum,
Cryptosporidium parvum is not capable of de novo pyrimi-
dine synthesis, owing to the absence of a six-enzyme path-
way. To compensate for this C. parvum has three salvage
enzymes (27), one of which is bi-functional. Figure 1 illus-
trates how metaTIGER pathway comparison facility can
be used to identify such diﬀerences. If comparisons of
more than two organisms are desired then the list compar-
ison facility can be used (see Table 1). List comparisons
allow for the rapid identiﬁcation of organisms that con-
tain all/part/none of a pathway of interest. In eukaryotes
the shikimate pathway is present to varying degrees of
completeness (28) which makes it a good test case for
comparative genomics using metaTIGER. The shikimate
pathway is known to be completely present in fungi,
plants and red algae, heterokonts and the alveolates
Toxoplasma gondii (29,30) and Tetrahymena thermophila
(28), but absent in metazoans and Cryptosporidium (31),
while P. falciparum is thought to have only the last three
enzymes (32,33). Table 1 shows that metaTIGER’s results
agree with what is already known about the abundance of
the shikimate pathway in eukaryotes. These two examples
of using metaTIGER’s pathway comparison facilities
illustrate the quality of results that can be obtained from
using metaTIGER.
Horizontal gene transfer analysis
In unicellular eukaryotes there are many examples of
metabolic genes which have been acquired via HGT
(30,34). For example, an ancestor of Plasmodium is
thought to have gained a specialist organelle, the apico-
plast, by secondary endosymbiosis, involving the gain of a
red algal plastid that was originally acquired from a cya-
nobacterium. This secondary endosymbiosis event will
have brought with it the opportunity for the endosymbi-
otic gene transfer (EGT), a type of HGT, of genes from
the red alga to the ancestor of Plasmodium. Also, it has
recently been suggested that the cyanobacterium’s transi-
tion from free living to the endosymbiont that became the
plant/algal chloroplast may have been aided by a chlamy-
dial endosymbiont or parasite (35). Thus, genes of plant
origin in Plasmodium may originate from cyanobacteria or
chlamydia. To assess the number of metabolic enzymes
that were acquired via EGT that are still present in
Plasmodium, a high-throughput assessment of the genes,
which are putatively, of plant, cyanobacterial and chlamy-
dial origin in Plasmodium was carried out. When creating
tree selection queries to identify trees of interest there are
many variations of select statements that can be made.
After optimization, the following select statement that
was found to be the most accurate at identifying genes
acquired from plants.
Treeselect statement forplant toPlasmodium
EGT tree selection
(Plasmodium{>1}) & ((Viridiplantae | Rhodophyta |
Glaucocystophyceae){>1}) & !(Fungi | Fungi/Metazoa
Nucleic Acids Research, 2009,Vol. 37,Database issue D533group | Pelobiontida | Malawimonadidae | Mycetozoa |
Entamoebidae | Acanthamoebidae | Lobosea | Archaea) &
((Bacteria){<10})
This statement identiﬁes clades within trees containing
more than one Plasmodium (to avoid the possibility of
bacterial contamination in a single genome leading to
false identiﬁcation of HGT) and plant sequences.
Sequences from eukaryotes that have not ever contained
plastid were not allowed because the presence of these
in the clade would suggest that the gene was a general
eukaryotic gene and not one gained by EGT. Selection
statements that allowed one sequence from eukaryotes
which have never contained a plastid were also tried:
this identiﬁed 12 trees, ﬁve of which were new, although
manual inspection of trees indicated that only one addi-
tional enzyme was likely to have been acquired by
Plasmodium via EGT from plants (this extra tree was
included in the analysis). Up to nine bacterial sequences
were allowed because bacteria exhibit high rates of HGT
and a large number of bacterial genomes (375 out of 525)
are in metaTIGER. When trees were rejected on the basis
of clades containing bacteria the number of trees found
was reduced from seven to three. A bootstrap value of 70
was used as this has been shown to correspond to a 95%
probability that the clade is real (36). Similar selection
statements (shown in SI 3) were used to select trees relat-
ing to cyanobacterial and chlamydial EGT and found two
and three genes, respectively. The selection statements
shown in SI 3 were found to be the most accurate possible,
although manual inspection of other results yielded one
additional enzyme of each type. This gives a total of 11
genes: eight plant, three cyanobacteria and four chlamydia
(NB. enzymes can fall in more than one group). Full
details are given in Table 2 and an example is shown in
Figure 2. These results were compared to the results of
Huang et al. (37), which had previously carried out
Figure 1. Screen print of pyrimidine metabolism compared between Plasmodium falciparum and Cryptosporidium parvum from the metaTIGER site.
The colouring scheme is described at the top of the image as found on the webpage. Only enzymes with proﬁle match E-values <10
–10 are included.
The six-enzyme de novo pyrimidine biosynthesis pathway is shown in the top left image and contains the enzymes 6.3.5.5, 2.1.3.2, 3.5.2.3, 1.3.3.1,
2.4.2.10 and 4.1.1.23. Five of the enzyme in the de novo pyrimidine biosynthesis pathway are coloured yellow indicating that they are only found in
P. falciparum, the sixth enzyme (6.3.5.5) is not coloured yellow as its E-value was 1.910
–6 which is greater than the E-value cut-oﬀ used. Of the
four pyrimidine salvage enzymes three (2.7.1.21, 2.7.1.48 and 2.4.2.9) are shown in orange as they are only found in C. parvum and the fourth
(1.5.1.3) in is not included in this KEGG pathway image. In the image the enzyme 2.4.2.3 forms part of a pyrimidine salvage pathway and is
highlighted as being present in P. falciparum; however, this enzyme is known to only function in pyrimidine degradation in P. falciparum (40,41).
(NB: enzymes labelled ‘not detectable’ are those for which PRIAM/SHARKhunt does not have a sequence proﬁle).
D534 Nucleic Acids Research, 2009, Vol. 37, DatabaseissueHGT analysis in P. falciparum. We found that four out the
10 plant and cyanobacteria predictions were in common.
It is not surprising that not all predictions are common as
only 28% of the P. falciparum genes that Huang et al.
analysed made it to the stage of phylogenetic analysis.
To gain an idea of an upper limit on the number of
enzymes that have been potentially gained by EGT, as
some may have been missed due to the bootstrap cut-
oﬀ, tree selection was carried out using no bootstrap
cut-oﬀ. This found a total of 29 enzymes: 25 plant, six
cyanobacteria and eight chlamydia. These results show
evidence of genes with all three origins and the transport
of genes into Plasmodium from cynaobacteria and chla-
mydia via the plants. Earlier studies have not included
chlamydia in similar analyses or covered more than one
Plasmodium species, but Gardner and co-workers (38)
found some 30P. falciparum genes (not restricted to meta-
bolic enzymes) of probable plastid origin, consistent with
our results, and with an over-representation of metabolic
enzymes in EGT genes.
The enzyme (1.17.1.2) of Figure 2 is illustrative of the
diﬃculties of this type of analysis. This enzyme is part of
the non-mevalonate isoprenoid biosynthesis pathway,
known to be localized in apicoplast of Plasmodium (39),
and a case of a pathway that should be conﬁdently of
plastid evolutionary origin. On this tree 13 apicomplexans
are located as a sister clade to 11 chlamydiales with 98%
bootstrap support, but 12 members of plantae, two dia-
toms and two protozoan alga are located in another
clade of 18 cyanobacteria with 70% bootstrap support.
This suggests an EGT origin of this gene in plants, with
the possibility of a later orthologous replacement of the
gene in the Apicomplexa by HGT from chlamydials,
although it is possible that this eﬀect may be caused by
low taxon sampling in the plantae. It is equally reveal-
ing that only two of the genes in this pathway have
been identiﬁed as of plastid origin in our analysis.
Inspection of the trees from other genes in this pathway
indicates that four are potential EGTs that were excluded
by our query because of bootstrap support below our
stringent threshold. With this observation, our suggestion
that up to 29 Plasmodium metabolic enzymes may have
EGT origin, based on a query with no bootstrap support
threshold, seems reasonable. Interestingly, the tree for
the one remaining enzyme on this pathway (1-deoxy-D-
xylulose-5-phosphate reductoisomerase: 1.1.1.267) indi-
cates another possible orthologous replacement, this
time from a bacterium belonging to the order rickettsiales
(see SI 4 for the tree).
CONCLUDING REMARKS
We have presented a new resource for examining the pre-
dicted metabolic networks of a large number of organ-
isms, including more than 100 eukaryotes. Because our
automated enzyme annotation software is dependent
only on nucleic acid sequences and not on the existence
of accurate gene models and predicted protein-coding
sequences, the resource is able to cover new genome
sequences prior to detailed annotation. This will be a
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eukaryotic sequence production in the next few years.
The sensitive method of conserved motif prediction, pre-
dicts proteins of high divergence, which can be used by
experimental scientists to identify proteins not in current
annotations. A signiﬁcant addition to the capability of
existing resources is the extensive phylogenetic informa-
tion that is available in the form of trees generated
for enzyme coding genes, the ability to visualize these
with state of the art methods, and to query them to
Table 2. Summary of Plasmodium EGT enzymes
E.C. number Enzyme name Enzyme origin KEGG pathways
2.7.1.40 Pyruvate kinase Plant Glycolysis/gluconeogenesis
Purinemetabolism
Pyruvate metabolism
5.3.1.9 Glucose-6-phosphate isomerase Plant Glycolysis/gluconeogenesis
Pentose phosphatepathway
Starch and sucrose metabolism
4.1.1.31 Phosphoenolpyruvate carboxylase Plant Pyruvate metabolism
1.17.4.3 4-Hydroxy-3-methylbut-2-en-1-yl diphosphate synthase Plant Biosynthesis of steroids
1.2.4.1 Pyruvate dehydrogenase (acetyl-transferring) Cyanobacteria Glycolysis/Gluconeogenesis
Alanine andaspartate metabolism
Valine, leucine andisoleucine biosynthesis
Pyruvate metabolism
3.4.11.1 Leucyl aminopeptidase Cyanobacteria n/a
1.17.1.2 4-Hydroxy-3-methylbut-2-enyl diphosphate reductase Chlamydia Biosynthesis of steroids
2.3.1.41 Beta-ketoacyl-acyl-carrier-protein synthase I Plant/cyanobacteria Fatty acid biosynthesis
2.3.1.15 Glycerol-3-phosphate O-acyltransferase Plant/chlamydia Glycerolipid metabolism
Glycerophospholipid metabolism
2.7.1.90 Diphosphate-fructose-6-phosphate 1-phosphotransferase Plant/chlamydia Fructose and mannose metabolism
1.3.1.9 Enoyl-[acyl-carrier-protein] reductase (NADH) Plant/chlamydia Fatty acid biosynthesis
The E.C. number, name, origin of the enzymes that metaTIGERs has predicted as putatively being acquired via EGT are shown. Additionally, a list
of the KEGG metabolic pathways which the enzymes function within is given.
Figure 2. The metaTIGER phylogenetic tree of 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (E.C.=1.17.1.2). The tree on the right shows
the entire metaTIGER phylogenetic tree as viewed on the WWW site in iTOL. The locations of bacterial leaves are highlighted with light grey and
the location of eukaryotic leaves is highlighted with dark grey. The tree on the left focuses in on the location of the Apicomplexans and their
chlamydial sister clade. Bootstrap values >50 are shown on the left-hand tree. For clarity branch length were ignored on both trees.
D536 Nucleic Acids Research, 2009, Vol. 37, Databaseissueidentify trees of interest and enzymes suitable for use in
phylogenetic tree generation from multiple genes. The
resource also provides highly convenient facilities for
comparison of networks across multiple organisms.
Currently, enzyme predictions are based on the most up-
to-date set of high-quality enzyme-sequence proﬁles from
PRIAM (20), but a future improvement will be to add to
these proﬁles enzymes as yet without full E.C. numbers, or
for which proﬁles are absent from PRIAM for other
reasons.
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